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ABSTRACT
During the long-term cold storage of the Chinese cabbage there was planned an experiment to investigate how the
bed of vegetables reacts on changes in working conditions of the cooler consisting in different modes of power
supply (100%, 80%, 60% and 40% of fan power drive). The results of measurements of inner-air parameters
(velocity, temperature and relative humidity) for different operating modes have been presented in the paper.
Interpretation of results is difficult by the fact that in the heat exchanger of the cooler condensation and freezing
occurs, requiring periodic defrosting. Frost build-up blocks the airflow causing additional resistance changing air
flowrate and heat transfer conditions in the cooler, and as a result, the conditions in the chamber. The bed of
vegetables is not uniform in temperature and unevenly reacts to the changes in inner environment. In the paper
particular attention was paid to the defrosting effect on temperature within the cabbage load. Spots of the load, most
exposed to the temperature changes, excessive drying or cold injuries were indicated.

1. INTRODUCTION
Experimental studies of inner-air parameters in cold storage chambers for fruit and vegetables are very difficult to
perform due to tightly stacked interior of cold stores, low temperature and high humidity. The literature on the
subject is not very extensive. There are only a few works concerning large commercial cold stores, e.g. by Chourasia
and Goswami (2007) about experimental studies on the large cold potato store. In most cases experimental
investigations of air parameters are performed in chambers of limited space and load due to the ease to operate the
sensors. The example of this is experimental research of the humidification system in cold chamber of chicory roots
by Delele et al. (2009a, 2009b). The other examples are measurements carried out in an experimental cold room
with four pallets of apples described by Duret et al. (2014) and Hoang et al. (2015).
The authors of scientific works on the subject rarely provide details of the cooler cycle during long-term
measurements of air parameters. Hoang et al. (2000) conducted an evaluation of the velocity field of air in the cold
store without any load at a constant temperature. One can only presume that cooler was off and the fans were in
continuous motion. Nahor et al. (2005) presented the results of measurements in the cold chamber empty and
partially loaded with pears. Experimental evaluation was based on measuring the temperature throughout the time of
cooling the empty and loaded cold room. The cooler worked with every four hours performed defrost to achieve the
desired temperature which was then maintained by the control system. Measurements of velocity were carried out at
370 points in the empty store and at several dozen points in the loaded chamber, but no information was given under
which conditions of the cooler the measurements were taken. Chourasia and Goswami (2007) in the paper dedicated
to industrial cold potato store described the stochastic variability of relative humidity during the measurements.
Temperature was averaged from the values collected within 10 days. Indirectly one can therefore assume that
storage conditions varied in time. There is no information provided on how the operation of the fan or cooling
system were controlled, as well as there is the lack of information on the averaging time during velocity
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measurements with thermo-anemometer probe. Velocity at a fixed point in the chamber, especially in an empty
space, can change rapidly and very intensely as to magnitude and direction (Mirade and Daudin, 1998).
The operation of the cooler depends on its type, ambient conditions, the amount and type of load and settings of the
control system. In most cases thermostat cycles cooler and fans on and off. In addition, very high humidity in
a chamber causes the frost and ice build-up on the fins and coils of the cooler. Consequently, cyclic defrost is
required. Air flow rate can, therefore, be variable over time or even fans are temporarily stopped. The ambient
conditions and the impact of the load may cause a change in temperature and relative humidity, so in the case of
cold stores under typical storage conditions the desired stable and unchanged work of the cooler in a longer period
of time is difficult to ensure. Therefore, there is a need to investigate the interdependence between the conditions in
the cooler and in the bed of vegetables.

Figure 1: Mobile measuring system in the experimental storage chamber in Skierniewice, Poland
As a part of the broader storage experiment, performed during the storage period, continuous measurements of air
parameters in the experimental cold store of Chinese cabbage of Research Institute of Horticulture in Skierniewice,
Poland, were carried out. The objective of the measurements was the experimental evaluation of the effect of
a cooler operation on the environmental conditions in the bed of vegetables and, particularly, the study of the
influence of defrosting on the temperature in the cabbage bed The analysis was performed for four different
operating modes of fans: for working with 100%, 80%, 60% and 40% of the power drive.

2. COLD ROOM AND MEASURING SYSTEM
Figure 1 shows a view of the cold chamber under consideration with a load of cabbages. The test chamber had
overall dimensions of 2.8m x 1.8m x 2.93m. It was equipped with cooler operating on glycol solution with a
nominal cooling capacity of 1148W and airflow of 1105 m3/h, three fans blowing out to the chamber and defrost
heater. In the heat exchanger of the cooler condensation and freezing appears, requiring periodic defrosting which
took place twice a day lasting 10 minutes each.
In the majority of scientific papers about experimental research in the vegetables cold stores temperature and air
velocity in the "empty" space, without product, and temperature within the load are the main measured physical
quantities. Comprehensive study of air parameters in the chamber completely loaded with vegetables requires more
information about environmental conditions to be collected. In the study chamber the space available for human
operation was very small, for this reason a mobile measuring system was designed that allowed the sensors to reach
the places difficult to access. The measuring system used in this study was built with sensors located at selected
points of the chamber, in vegetables bed and with a mobile part. Transducers of the mobile system travelled over the
top surface of the bed of cabbages along the horizontal linear guide, visible in Fig. 1. Measurements were recorded
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on a continuous basis from November 2014 to March 2015 and also with the mobile system from January 2015 until
March 2015. Readings at each point of the grid were collected during 10 minutes at a frequency of 1 Hz. Schematic
layout of the fixed sensors locations and measuring grid points of the mobile system are shown in Fig. 2 against the
background of the cabbage bed and the cooler.
Scheduled measurements of the following parameters of air at the mobile system grid points are shown in Fig. 2a:
- speed of air at four different levels in the midplane of the chamber (V1 - 5 cm below the ceiling, V2 - 20cm below
the ceiling, V3 - 40cm from the ceiling, V4 - just above the bed, 63 cm from the ceiling),
- relative humidity and temperature at a fixed height in the central plane of the room (RH2 - 40cm from the ceiling),
- velocity and temperature near the side wall (V5 - 52 cm from the ceiling),
- temperature at the same grid points of the mobile system as for the case of speed measurements (V1T at points of
V1; V2T at points ofV2; V3T – at V3 points, V4T – at points of V4 and V5T at points of V5).
The data were collected at 8 verticals during 10 min. of rest at each position with frequency of 1Hz.

a)

b)
Figure 2: Measuring grid: a) for mobile system; b) for fixed probes locations

Moreover, additional measurements were made outside the mobile system at the measuring points visible in
Figure 2b. Measured quantities were as follows:
- relative humidity at the inlet to the cooler (RH1) and temperature on the heat exchanger fins (T01),
- reference temperature near the inlet to the cooler T02,
- temperature on the ceiling (T03),
- temperature at two points on the wall opposite the cooler (T04 and T05),
- air temperature at 7 points inside the cabbage bed (Tp1 and Tp2 in the right rear corner of the bed looking from the
cooler, Tp3, Tp4, Tp5 in the middle of the bed and Tp6 and Tp7 in the left front corner).
During the experiment following measuring instruments were applied:
- to measure the speed: omnidirectional probe Delta Ohm HD103t with accuracy of  0.04m/s in the range of
0÷0.99m/s and 0.2 m/s in the range of 1÷ 5m/s; they were also used to measure temperature;
- to measure the relative humidity and air temperature above the bed and at the inlet to the cooler: an EE Elektronik
sensor of J type with accuracy of 2.7% in the range above 90% RH and 1.5% below 90% RH;
- to measure the temperature in the bed: thermocouple CZAKI 361K-3-W3;
- to measure temperature at points T01, T02 and T03 - CZAKI RTD.
In measuring the speed of air in the storage chambers and other mechanically ventilated areas omnidirectional hot
sphere thermo-anemometer probes are widely used. They are designed for measurements in which the direction of
velocity is changing and/or unknown. They measure velocity at a point without indicating its direction, and they
have a longer time constant than hot wire thermo-anemometer sensors. Readings taken within a few minutes are
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averaged and each time the averaging period and sampling frequency have to be chosen individually (Hoang et al.,
2000, Mirade et al., 2006). For this reason, field measurements of mean air parameters taken in sequence, point-bypoint, are very time-consuming and tiresome. This was the decisive factor to build the mobile measuring system, but
it should be mentioned that the long duration of the measurements causes heavy dependence of the results on the
variability of the exhaust air from the cooler.

a)

100% power drive

b) 80% power drive

c)

60% power drive

d) 40% power drive

Figure 3: Air speed at V1 level versus time for different operating modes

3. RESULTS OF MEASUREMENTS AND DISCUSSION
The selected results of temperature measurements at fixed points in the empty space of the chamber and in the bed
as well as air velocity, temperature and relative humidity measured by means of the mobile measuring system are
shown in Figs. 3÷6 for the mode with 100%, 80%, 60% and 40% of the drive power, provided as functions of time
of measurements.
In the Figure 3 velocity at level V1 measured by the data acquisition system during 11÷13 runs of the transducers
along the guide axis are presented for four operating modes. The air currents flow along the ceiling and at a height
of 5 cm below the ceiling (level V1) reach the greatest values. The highest speed was measured at the point of 8
vertical near the cooler (approx. 60cm from the cooler) - it is visible as a "peak" of measurements V1. Each of the
visible growing stepwise readings represents V1 took along the length of the bed depicting the spatial distribution of
air velocity from the wall opposite the cooler to the eighth vertical. The maximum values achieved at V1÷V5 levels
are presented in Table 1 for all the modes of operation. Velocity at V2 and V5 levels changed in the way very
similar to V1. The V3 and V4 velocities changed along their levels in less orderly manner, fluctuated with time and
space and there was no fixed point observed at which maximum speed had been achieved.
The highest temperatures were recorded at the inlet to the cooler at T02 (Table 2). They exceeded 2C. The lowest
temperature outside the bed (below 0.8C) was measured (except for the fins of the coils) behind the back of the bed
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of vegetables (T05 and T04). In the case of a bed (Table 3) the highest temperature of the order of 1.2÷1.48 C were
observed in Tp1 and Tp2 boxes located in the corner near the cooler. A little lower temperature (about 0.3K) was in
the Tp3 box, located at the bottom and in the middle of the bed. The temperatures in the boxes Tp4 and Tp5, located
on the same vertical as Tp3, are lower than Tp3 about 0.2 ÷ 0.3K. The lowest temperature in the bed (below 0.8C)
was observed in the box located on the upper corner of the bed opposite the cooler (Tp7) and slightly higher (about
0.1K) in the box located at the same vertical at the bottom of the bed (Tp6). The range of temperature in the bed of
cabbages depends on the mode of the fan and visibly grows for decreasing cold air supply (Table 3).
Table 1: Maximum magnitudes measured for different operation modes of the cooler in the mobile system
Operation mode
of power drive 100% 80% 60% 40%
Level V1 [m/s]
2.95 2.75 2.48 1.18
Level V2 [m/s]
2.22 2.23 2.01 0.90
Level V3 [m/s]
0.96 0.87 0.86 0.50
Level V4 [m/s]
0.73 0.77 0.64 0.29
Level V5 [m/s]
0.98 0.91 0.76 0.39
Level RH2 [%] 90.1 89.9 90.8 87.7

a)

100% power drive

b) 80% power drive

c)

60% power drive

d) 40% power drive

Figure 4: Temperature of air at fixed points of measuring grid versus time for different fan modes

Decreasing the power drive of the fans up to 60% seems to have no effect on the conditions in the chamber and in
the bed. The velocity in the chamber is lower a little in this case, but temperature in the bed and humidity of air were
maintained at the same level as for 100% mode. For the 40% mode of operation relative humidity in the chamber
(Fig. 5d) declined below 85% and temperature in the bed started to rise continuously except for the most ventilated
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box Tp7. The range of temperature change in the bed was widening as well. These storage conditions may cause the
deterioration of the load. The airflow in the chamber is too low for safe storage of the commodity.

a)

100% power drive

b) 80% power drive

c)

60% power drive

d) 40% power drive

Figure 5: Relative humidity at a point RH1 and at RH2 level versus time for different fan modes
From the presented plots one can also observe the dependence of the air speed and other parameters in the chamber
on the degree of frost build-up. Defrosting of the cooler was accompanied by stopping the fans visible in graphs in
Fig. 3 as a speed decreasing to zero and the rapid increase in temperature in almost any point of the chamber,
including the load of vegetables (Figs. 4 and 6). The graphs in Fig. 3 clearly show the gradual decrease in maximum
speed V1 achieved at a point of 8 vertical during growing frost build-up inside the cooler and its rapid growth after
defrosting. The same sharp increase occurs for speeds V2 and V3 for three modes (100%, 80% and 60%) of the fans.
Even in the case of the 40% mode the speed increase after defrosting is still noticeable in these points. Defrosting
will not however increase the speed at the measuring points of 8 vertical for probes V4 and V5. The decrease in the
drive power of fans does not visibly affect their maximum values. The measurement points in this case are beyond
the direct reach of the stream blown out from the cooler and air velocity at these points can be considered as the
result of a complex mixing flow in the chamber.
After the start of defrosting the fins temperature T01 increased by approx. 3K for operation with 100% and 80% of
the fan. In the case of other modes (60% and 40%) the temperature increased up even to 12C. The temperature rise
due to inclusion of heaters manifested with temperature increase almost across the whole chamber. Only in boxes
marked Tp2, Tp3, Tp4 and Tp5 it is less noticeable (approx. 0.1K). At these points of the load the temperature was
the most stable and less sensitive to any changes in the cooler. This means that these spots of the load are less
ventilated. More sensitive to the effects of the cooler are Tp7, Tp6 and Tp1 boxes. The largest jump in temperature
occurs in the box Tp7. The range of changes due to defrost effect decreases with the decrease of power drive of the
cooler fans. Worth noticing is poor sensitivity to temperature in the box Tp5, located near the top surface of the bed.
This means that the cold stream of air blown out of the cooler did not come in direct contact with vegetables located
at the highest part of the bed.
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Upper, and subsequently, the lower corners of the bed of cabbages, located opposite the cooler are the most
intensively ventilated and, therefore, subjected to large fluctuations in temperature. The next place subjected to air
current returning to the cooler is lower corner of the bed located under the cooler (Tp1). In this case, fluctuations are
significant, but much smaller, since the air returning to the cooler has much higher temperature. In the other
measuring points located outside the bed of vegetables, the short increase reached a value of 1 ÷ 3.5 K. Higher
values refer to points closer to the cooler.

a)

100% power drive

c)

b) 80% power drive

60% power drive

d) 40% power drive

Figure 6: Temperature in a bed versus time for different fan modes
Defrosting lasted 10 min., but its influence on the temperature in the chamber and in the bed extended to longer
times. Only the jump at T02 at the inlet, of the order of 2K, lasted as much as defrosting. In the other points of
measurements subjected to temperature jump the temperature returned to the level before the defrost after about 2.5
÷ 3h, due to the high temperature increase within the heat exchanger of the cooler (T01).
At the start of the defrost the rapid, short-lived drop in relative humidity at the inlet RH1 and relative humidity
measured by a mobile system RH2 occurred (Fig. 5). The range of humidity changes depended on the mode of fans
power drive and decreased with decreasing velocity airflow. The mode of the fans also had an impact on the
humidity level in the chamber. When operating with 40% of power drive relative humidity in the room decreased
significantly below the acceptable level. It also draws attention to distinct spatial variation of moisture in this mode
the cooler. Its level is higher in the vicinity of the cooler, and decreases as you move away from it.

4. CONCLUSIONS
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Results of experimental studies carried out in the storage chamber of Chinese cabbage presented in the paper reveal
that the cold store for vegetables creates an extremely complex environment subjected to dynamic, time-varying
processes of heat and mass transfer. The present study involved moist air parameters: speed, temperature and
relative humidity in the space of the chamber outside the bed of vegetables and the temperature in the cabbages for
different modes of operation of the cooler: for 100%, 80%, 60% and 40% of the power drive. Particular emphasis
was placed on the influence of the defrosting process on the temperature in the bed of vegetables.
Thermal conditions in the cold store were changing constantly, mostly because of the frost build-up and
requirements as to defrost cycle (2 times a day) of the cooler executed by electric heaters accompanied by stopping
of the fans. Frost build-up in the cooler has a clear impact on the parameters of air in the chamber by
reduction of the flow area in the cooler, causing an increase of the flow resistance, which consequently, reduces the
speed of the air blown out of the cooler. The need of defrosting results in a rapid, short-term temperature rise across
the whole cold room (to varying degrees, depending on location). It is particularly visible at the corners of the bed of
vegetables opposite to the cooler which are the most ventilated spots of the bed.
Table 2: Mean value measured (and the range of change) for different operation modes of the cooler at fixed
points in the chamber
Operation mode
100%
80%
60%
40%
of power drive
RH1 [%]
82.9 (71.1÷86.1) 80.6 (70.5÷83.9) 80.2 (71.71÷85.13) 77.7 (70.9÷79.5)
T01
-0.08 (-1.2÷1.5) -0.18 (-1.03÷1.66) 0.24 (-0.66÷12.72) -0.15 (-1.24÷7.59)
T02
2.22 (1.7÷4.3)
2.46 (1.86÷4.57) 2.16 (1.64÷4.51)
2.07 (1.85÷4.44)
T03
1.09 (0.8÷2.5)
1.09 (0.84÷2.86) 1.11 (0.84÷2.81)
1.08 (0.70÷2.93)
T04
0.72 (0.4÷1.9)
0.70 (0.47÷1.96)
0.74 (0.5÷1.88)
0.78 (0.51÷2.19)
T05
0.70 (0.4÷1.6)
0.67 (0.44÷1.63) 0.67 (0.45÷1.65)
0.68 (0.49÷1.38)

Table 3: Mean temperature (and the range of change) in the bed for different operation modes of the cooler
Operation mode of
100%
80%
60%
40%
power drive
1.23 (1.12÷1.37)
1.21 (1.14÷1.33)
1.24 (1.15÷1.39)
1.42 (1.35÷1.53)
Tp1 [C]
1.21
(1.16÷1.29)
1.20
(1.14÷1.26)
1.25
(1.19÷1.32)
1.48 (1.37÷1.60)
Tp2 [C]
0.96 (0.89÷1.06)
0.93 (0.89÷1.00)
0.99 (0.92÷1.07)
1.14 (0.99÷1.22)
Tp3 [C]
0.78 (0.61÷0.85)
0.76 (0.71÷0.83)
0.77 (0.71÷0.84)
0.90 (0.83÷0.99)
Tp4 [C]
0.75 (0.69÷0.85)
0.74 (0.68÷0.85)
0.77 (0.69÷0.83)
0.85 (0.80÷0.96)
Tp5 [C]
0.83
(0.69÷1.06)
0.82
(0.63÷0.99)
0.86
(0.74÷1.06)
0.89 (0.82÷0.99)
Tp6 [C]
0.76 (0.57÷1.15)
0.75 (0.62÷1.18)
0.77 (0.61÷1.22)
0.74 (0.63÷1.16)
Tp7 [C]
Range of temperature
change in the bed
0.57 ÷ 1.37
0.62 ÷ 1.33
0.61 ÷ 1.39
0.63 ÷ 1.60
[C]
There also are long-term effects of the defrosting process due to the operation of the refrigeration system. The
temperature of the finned coils of the heat exchanger returned to the level before defrosting after approx. 2.5h. Such
a long working time of the cooler heat exchanger with higher temperature after defrosting caused heating of the
entire bed and the rest of the chamber, manifested with varying intensity in all its points in a period of approx. 5hrs.
per day.
The conditions in the bed of vegetables in the cold room are therefore periodically variable. Air parameters are not
fixed and depend strongly on the operation of the cooler. Decreasing the power of the fans reduces the negative
impact of the defrost on the bed by shrinking the range of parameter changes due to defrost. Unfavorable influence
of decreasing of power drive was no observed (at least during the study period) up to 60% of nominal power, but
cooling operation mode of 40% carries too high a risk of overheating of the bed of vegetables due to too low speed,
the poor ventilation of the bed, too low level of the moisture content in the chamber, and too large fluctuations of
relative humidity in the store.
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